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Abstract.
The phenomenon of CP violation in the standard model (SM) framework and the decay
dynamics have been established from the data obtained from the B factories and so far we have
not seen anything new. Nevertheless, there have been instances of deviations in many measured
observables in the flavor sector, as far as the data and predictions are concerned. Here we will
mention some deviations obtained in measurements related to lepton universality, as seen from
the data, and try to understand their implications. To accommodate the observed data we will
consider a leptoquark model, which seems to be one interesting model beyond the SM.
1. Introduction
The course of high energy physics is going through an interesting and exciting phase. We have
in one hand many experiments, conducted in the last few decades, measured various observables
which are in excellent agreement with the model proposed by Glashow, Salam and Weinberg,
which is also known as the standard model in the literature. One exception being that of the
observation of neutrino oscillation. At the same time, there are many fundamental unsolved
questions like the hierarchy problem, dark matter and baryon asymmetry of the Universe etc.,
which make ourselves believe that there is something beyond that of the SM. In fact, the
resounding success of the SM has led us with no option but to believe that whatever may
be the form of the new physics the low energy limit of the same is the SM. The V − A current
structure of the weak interactions has been established long ago and, in fact, in the past has
been very instrumental in providing many interesting and accurate results. It is interesting to
note that we have observed, in the last few years, some kind of unusual results involving leptons,
in particular the heavy τ (or the third generation leptons). The belief is that the couplings of
third generation fermions to the electroweak symmetry breaking is comparatively stronger due
to their large masses and therefore, sensitive to new physics that modifies the V − A structure
of the SM. From this point of view the study of B(∗) → τ ν¯ and B → D(∗)τ ν¯ charge current
processes are really interesting. In recent measurements, BaBar [1] and Belle [2] have reported
3.5σ deviation in the ratio of branching fractions of B¯ → D¯(∗)τ ν¯ over B¯ → D¯(∗)lν¯, where
l = e, µ,
RD =
Br
(
B¯ → Dτν¯)
Br
(
B¯ → Dlν¯) = 0.421± 0.058, RD∗ = Br
(
B¯ → D∗τ ν¯)
Br
(
B¯ → D∗lν¯) = 0.337± 0.025,
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from their corresponding SM predictions,
RSMD = 0.305± 0.012, RSMD∗ = 0.252± 0.004. (1)
The above results might indicate the violation of lepton universality. It should be noted here
that the observables measured, as mentioned above, are ratio of two processes, where in the
numerator and denominator the initial state is the same, whereas the final sates differ depending
upon the kind of leptons involved. This actually helps us to reduce the theoretical uncertainties
since most of the contributing terms are same and uncertainties actually cancel out. Since these
decays occur at the tree level in the SM, the general expectation is that models with masses of
the new particles near the TeV scale are required to explain the anomaly. The branching ratios
of semileptonic b→ clν¯ processes can be computed precisely due to the light leptons mass, thus
the deviation in RD(∗) is obviously from the new physics affecting the B¯ → D¯(∗)τ ν¯ process. The
branching ratios and RD(∗) anomaly in the SM and in various new physics models have been
investigated in the literature. Similarly, another interesting observable, reported by LHCb [3],
is the lepton non universality in B → Kl+l− process,
RK =
Br
(
B¯ → Kµ+µ−)
Br
(
B¯ → Ke+e−) = 0.745+0.090−0.074 ± 0.036, (2)
which has 2.6σ deviation from the SM value, RK = 1.0003 ± 0.0001, in the dilepton invariant
mass squared bin
(
1 ≤ q2 ≤ 6)GeV2. In the semileptonic decay, the rate of B → K∗µ+µ− and
the angular observables P ′5 [4] have 3σ deviations from the SM predictions. The discrepancy of
3σ is also found in the decay rate of the Bs → φµ+µ− process [5].
In this article, we pursue the analysis of rare semileptonic decays of B meson to leptons of
second and third generations and we extend the SM by an additional leptoquark model which
is built based on the SU(3)c × SU(2)L × U(1)Y gauge symmetries. The study of famous RD(∗)
anomaly and the lepton non-universality in the b→ cτ ν¯ decay processes are the main interests
of this work. We calculate the branching ratios, forward-backward asymmetries and the τ -
polarisations of B → D(∗)τ ν¯ processes in the leptoquark model. We estimate the branching
ratio of rare leptonic B∗u,c → τ ν¯ decay process of B∗u,c vector meson. In the leptoqaurk
model, we also explore the possibility of lepton nonuniversality parameters in the B∗ → τ ν¯
and Λb → Λcτ ν¯ processes. Leptoquarks can couple (decay) to a quark and lepton of the same
generation simultaneously and carry both lepton and baryon number. They can have spin 0
(scalar leptoquarks) or spin 1 (vector leptoquarks) and can be characterized by their fractional
electric charge and Fermion numbers F = 3B + L, where B and L are the baryon number
and lepton number respectively. Such leptoquarks exist in some extended SM theories [6] such
as grand unified theories based on SU(5), SU(10), Pati-Salam model, technicolor model and
composite model etc. To avoid rapid proton decay, we consider that the leptoquark does not
couples to diquarks and therefore conserve baryon and lepton numbers. The leptoquark model
in the context of B-physics anomalies has been taken up in the literature.
The outline of this paper is follows. In section 2, we describe the effective Hamiltonian
involving b → cτ ν¯ quark level transition in the SM. In section 3 we discuss the new physics
contributions coming from vector leptoquarks and show how they can explain the observed
anomalies in b-sector. Our results are presented in Section 4.
2. Effective Hamiltonian for b→ cτ ν¯l and b→ sl+l− processes
In this section we write the relevant effective Hamiltonian in the SM as given by [7]
Heff = 4GF√
2
Vcb
[ (
δlτ + C
l
V 1
)
OlV 1 + C lV 2OlV 2 + C lS1OlS1 + C lS2OlS2 + C lTOlT
]
, (3)
where GF is the Fermi constant, Vcb is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
and the index l stands for neutrino flavour, l = e, µ, τ . The C lX ’s, where X = V1,2, S1,2, T are
the Wilson coefficients and the corresponding operators are
OlV 1 =
(
C¯Lγ
µbL
)
(τ¯LγµνlL) ,
OlV 2 =
(
C¯Rγ
µbR
)
(τ¯LγµνlL) ,
OlS1 =
(
C¯LbR
)
(τ¯RνlL) ,
OlS2 =
(
C¯RbL
)
(τ¯RνlL) ,
OlT =
(
C¯Rσ
µνbL
)
(τ¯RσµννlL) , (4)
where L(R) = (1 ∓ γ5)/2 are the projection operators. Since the flavour of neutrino is not
observed at B-factories, all generations of neutrinos can be taken into the account to reveal the
signature of new physics. In the SM, the contribution to the b→ clν¯l process is indicated as δlτ
and the Wilson coefficients (C lX) are zero, which can only be generated by new physics models.
These new couplings can be bound experimentally, so that the effects of the new operators can
be scrutinized in physical observables.
Similarly, the effective Hamiltonian describing the processes induced by b→ sl+l− transitions
in the SM is given by [8]
Heff = −4GF√
2
VtbV
∗
ts
[
6∑
i=1
Ci(µ)Oi + C7
e
16pi2
(
s¯σµν(msPL +mbPR)b
)
Fµν
+Ceff9
α
4pi
(s¯γµPLb)l¯γµl + C10
α
4pi
(s¯γµPLb)l¯γµγ5l
]
, (5)
where α is the fine structure constant, VtbV
∗
ts is the product of CKM matrix element and Ci’s
are the Wilson coefficients evaluated at the renormalization scale µ = mb [9]. In the following
subsections we will explain the possible leptoquarks relevant for the b → clν¯l and b → sl+l−
quark level transitions.
3. Vector leptoquarks and new Physics
Here we consider the new physics model in which the new particle interacts both with quarks
and leptons simultaneously, called leptoquark, and carries both the baryon and lepton numbers.
Leptoquarks have ten different multiplets [10] under the SU(3)c × SU(2)L × U(1)Y SM gauge
symmetries with flavour non-diagonal couplings. Half of them have scalar nature and other
halves have vector nature under the Lorentz transformation. The scalar (vector) leptoquarks
have spin 0 (1) and could potentially contribute to the FCNC processes involving the quark level
transitions b → sl+l− and b → cl−ν¯. Out of all possible leptoquark multiplets, six scalar and
vector leptoquark bosons are relevant for the b→ clν¯ processes. Here S1,3 and R2 are the scalar
leptoquark bosons, Uµ1,3 and V
µ
2 are the vector leptoquark bosons. The vector leptoquarks
with charge= 2/3 and with 0 fermion noumber can mediate both b → sl+l− and b → cl−ν¯
quark level transitions. Therefore, Uµ1 = (3, 3, 2/3) and U
µ
3 = (3, 1, 2/3) (where the numbers
in the parenthesis represent the respective quantum numbers under the standard model gauge
group, SU(3)c × SU(2)L × U(1)Y ) are only valid vector leptoquarks to study both RK(∗) and
RD(∗) anomaly. In this work, we investigate the U
µ
1 = (3, 3, 2/3) and U
µ
3 = (3, 1, 2/3) vector
leptoquarks, which have charge=2/3, fermion no =0 and can mediate both b → sl+l− and
b → cl−ν¯ quark level transitions. In order to avoid rapid proton decay, we do not consider
diquark interactions, as the presence of both leptoquark and diquark interactions will violate
baryon and lepton number.
The interaction Lagrangian of Uµ1,3 leptoquarks with the SM fermion bilinear is given as [7, 10]
LLQ =
(
hij1LQ¯iLγ
µLjL + h
ij
1Rd¯iRγ
µljR
)
U1µ + h
ij
3LQ¯iLσγ
µLjLU3µ, (6)
where QL(LL) is the left handed quark (lepton) doublet, uR(dR) and lR are the right-handed
up (down) quark and lepton singlet respectively and ψc = Cψ¯T = Cγ0ψ∗ is the charge-
conjugated fermion field of ψ. The leptoquark couplings are represented by hij , where i, j
are the generation indices of quarks and leptons respectively.
Here the fermions are stated in the gauge eigen basis in which Yukawa couplings of the up
type quarks and the charged leptons are diagonal, whereas the down-type quark fields are rotated
into the mass eigenstate basis by the CKM matrix. Now performing the Fierz transformations,
we obtain the additional Wilson coefficients to the b→ cτ ν¯l process as [10],
C lV1 =
1
2
√
2GFVcb
3∑
k=1
Vk3
[
h2l1Lh
k3
1L
∗
2M2
U
2/3
1
− h
2l
3Lh
k3
3L
∗
2M2
U
2/3
3
]
, (7a)
C lV2 = 0, (7b)
C lS1 = −
1
2
√
2GFVcb
3∑
k=1
Vk3
2h2l1Lh
k3
1R
∗
M2
U
2/3
1
, (7c)
where Vk3 denotes the CKM matrix element and MU2/3
1(3)
is the mass of the leptoquark.
After expanding the SU(2) indices of Eqn. (6), one can notice that U1,3 vector leptoquarks
also contributes additional Wilson coefficients to the b→ sl+l− processes as
CNP9 = −CNP10 =
1
2
√
2GFVtbV
∗
ts
[h2l1Lhk31L∗
M2
U
2/3
1
+
h2l3Lh
k3
3L
∗
M2
U
−1/3
3
]
. (8a)
C ′NP9 = C
′NP
10 =
1
2
√
2GFVtbV
∗
ts
h2l1Rh
k3
1R
∗
M2
U
2/3
1
, (8b)
−CNPP = CNPS =
1√
2GFVtbV
∗
ts
h2l1Lh
k3
1R
∗
M2
U
2/3
1
, (8c)
C ′NPP = C
′NP
S =
1√
2GFVtbV
∗
ts
h2l1Rh
k3
1L
∗
M2
U
2/3
1
. (8d)
4. Results and Discussion
In order to use the scenario of vector leptoquarks we constrain the parameter space in terms of
the couplings from the existing data and thereafter use the same values to explain the anomalies,
as mentioned above [11]. Looking at the figures it may be concluded that the possibility of vector
type of leptoquarks can be thought of as an alternative option at least in the context of the
subject matter discussed here.
The deviations in the observables RD and RD∗ , in comparison to that of the SM predictions,
have been reported sometime ago both by Belle and BaBar. With the announcement of new re-
sult from the LHCb the situation has not changed anyhow and as a matter of fact the combined
deviation from all three experiments is still more than 3σ away from the SM expectation. At the
same time we have also noticed the lepton nonuniversality in the form of RK , where both first
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Figure 1. The variation of branching ratio of B → Dµν¯l process (left panel) and B → Dτν¯l
process (right panel) with respect to q2 in the leptoquark model. Here dashed lines are for SM
and bands represent leptoquark model.
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Figure 2. The q2 variation of lepton non-universality RD(q
2) (left panel) and RD∗(q
2) (right
panel) in leptoquark model.
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Figure 3. RµeK (q
2) in low q2( left panel)and high q2 (right panel) in the leptoquark model.
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Figure 4. RµeK∗(q
2) in low q2 (left panel) and high q2 ( right panel) in the leptoquark model.
and second generation of leptons are involved. Past studies in the literature have indicated many
scenarios for the possible reason behind such discrepancies. In a model independent analysis it
was shown that new physics in the form vector type of couplings could be a possible candidate
option for such a discrepancy. In this report we have considered the vector leptoquark model to
explain the discrepancies obtained in the so-called RD and RD∗ problems and also the lepton
nonuniversality observable RK . It is interesting to note that we can simultaneously explain both
these anomalies, one in the tree level decay and another one in the loop suppressed process, us-
ing the vector leptoquarks. Therefore, using the scenario of vector leptoquarks, as the possible
new physics candidature, one can attempt to understand the current discrepancies in the beauty
sector related to lepton non-universality and we hope more refined measurements will resolve
these puzzles in the next few years (using additional data obtained from LHCb and Belle II) or
else will give some smoking gun signal for physics beyond the SM.
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